Abstract. Transmission Expansion Planning (TEP) problem refers to proposing the optimal number and location of new transmission lines in order to satisfy operation conditions with less investment costs. Adequacy evaluation of trial solutions is essential to solve TEP problem. This evaluation procedure may require a considerable computational e ort; therefore, improvement of Adequacy Evaluation Methods (AEMs) is a key to achieve more e cient TEP solution algorithms. It is a common practice to employ a Linear Programming (LP) called \DC operation model" to perform this evaluation, especially in cases that generation rescheduling is considered in TEP studies. In this paper, an AEM is proposed as an alternative with less computational e ort to perform adequacy evaluation. In fact, the proposed AEM is applicable in TEP problems considering generation rescheduling. The study is based on DC TEP model where electrical aspect of the problem is modeled based on DC power ow equations. To examine the performance of the proposed AEM, this evaluation method is employed in a meta-heuristic TEP solution algorithm. Such a combinatorial algorithm is then applied to di erent standard test systems as well as practical cases. The simulation results show a promising improvement caused by employment of the proposed AEM.
Introduction
Transmission Expansion Planning (TEP) is one of the most important parts of the future development in power systems. TEP problems will o er an optimal plan for transmission lines with less investment costs in a prescribed planning horizon. An optimal expansion of transmission systems should be capable of facilitating di erent load patterns as well as future generations [1, 2] . The desired solution of TEP problems is an adequate network with minimum construction costs [3] .
Various TEP models are presented in the lit-erature, like reliability-constrained TEP, TEP with FACTS devices, and TEP associated with reactive power planning [4] [5] [6] . The DC model can be considered as a basic model of this problem. Mathematically, DC TEP is a mixed integer, non-linear, and non-convex optimization problem. In literature, optimization methods for solving DC TEP are categorized into three groups:
(a) Classical algorithms; (b) Heuristic algorithms (mostly constructive heuristics); (c) Meta-heuristics.
Most heuristic and meta-heuristic methods presented in the eld of TEP have a particular stage to perform adequacy evaluations [7] [8] [9] [10] [11] . Such evaluation is performed repeatedly and may totally require a considerable computational e ort. Therefore, employment of more e cient AEMs will reduce the total computational e ort for TEP solution algorithms [12] .
\DC operation model" is a common AEM for DC TEP model, where it calculates the minimum required load shedding satisfying network power ow limits. In fact, it employs an LP to perform such calculations, in which the system is adequate if and only if the required load shedding tends to zero [13] .
To remove an overload in a transmission system, either \load curtailment" or \generation rescheduling" can be performed, alternatively. Therefore, DC operation model has been presented for two di erent forms of DC TEP problems: either with generation rescheduling or without generation rescheduling. Solving a DC TEP problem with generation rescheduling considers operational constraints, while a DC TEP without generation rescheduling is based upon a xed prede ned generation pattern [12, 14] .
In our previous work [12] , an e cient AEM was presented for DC TEP without generation rescheduling, where it was associated with DC power ow and graph theory. Since it is not applicable for the case with generation rescheduling, it should be modi ed in order to handle generation rescheduling.
In this paper, the AEM presented in [12] is modi ed while generation rescheduling is taken into consideration. This work is mainly based on graph theory, DC power ow calculations, and superposition principle. To compare its performance with that of DC operation model, AEM in employed in the scatter search algorithm. The computational e ort of such combined model in comparison with the work in [13] is reported to illustrate e ciency of the proposed algorithm.
This paper is organized as follows: DC operation model is presented in Section 2; the proposed AEM is discussed Section 3; while a brief description of its usage in a sample meta-heuristic procedure is provided in Section 4; simulation studies and the analysis of results are provided in Section 5; nally, concluding remarks are driven in Section 6 and some necessary calculations are provided in the Appendix.
DC operation model
A DC operation model is a common AEM in DC TEP studies. Considering generation rescheduling, the problem is formulated as follows:
Subject to: (1f) In this formulation, n 1 ij represents the number of circuits in the right of way i j and n 1 ij is a given input to this model. The main output of this model is the variable w which represents the minimum load shedding required to eliminate power ow violations. The network is considered to be adequate if and only if w = 0. In the above LP model, the objective is to minimize the total applied load curtailment to the power system. Eq. (1a) refers to conversation of active power in each bus (i.e., known as power KCL). Eq. (1b) denotes the relation between network power ows and phase angle at buses. This equation is also known as power KVL. Line ow limits, power generation limits, and load curtailment limits are presented in Eqs. (1c), (1d), and (1c), respectively. It can be observed that interconnectivity of the network is not considered in the mathematical model.
The proposed AEM
In this section, a new AEM is proposed for evaluating network adequacy in which an interconnected network is adequate if a generation pattern satis es the following requirements, simultaneously:
Total generating power must be equal to demand (power balance constraint); The generating output power must be satis ed (generation limit constraint); The network ow for such generation pattern must satisfy line power ow limits (network ow limit constraint). The adequacy of the system is equivalent to network overload removal for such a feasible generation pattern. In addition, a non-interconnected transmission system is adequate if all of its sub-topologies are adequate. Figure 1 illustrates the framework for evaluating the adequacy of transmission network considering generation rescheduling with the following steps:
Step 1: Determine sub-topologies in the current network;
Step 2: If any of the sub-topologies has a total generation capacity less than its demand, then load curtailment must be necessary and the system is not adequate. Hence, the process will be terminated; otherwise, go to Step 3; Figure 1 . The proposed algorithm ow diagram.
Step 3: For each sub-topology, do Steps 4 and 5 to evaluate its adequacy evaluation. The network is considered to be adequate if and only if all subtopologies are determined to be adequate;
Step 4: In order to provide a fast method to calculate power ow, build up the following linear equation based upon the superposition principle [13, 15] :
Calculation of k g;ij factors is described in the Appendix. Consider some arbitrary trial generation patterns satisfying both the \power balance constraint" and \Generation limit constraint". Calculate network power ows using Eq. (2). Then, check \net-work ow limit constraint". If these three constraints are satis ed for any of the generating patterns, the current sub-topology is adequate; then, return to
Step 3 and check the next sub-topology.
Step 5: To nd a feasible generating pattern that satis es system requirements, the LP in Eq. (3) is employed. Maximum overload (MOL) refers to the maximum value among overloads through the whole network. This LP tries to nd the minimum value of MOL that can be obtained by generation rescheduling. min MOL:
Subject to: 
If MOL is zero, then the current sub-topology is adequate and return to Step 3; otherwise, the whole network is not adequate.
The advantage of using LP (Eq. (3)) rather than DC operation model is that it has less number of variables and less number constraints, which will be demonstrated by numerical studies in Section 5. Therefore, the proposed AEM is more e cient than DC operation model.
AEM and a meta-heuristic algorithm
To assess the performance of the proposed methodology, AEM should be considered as a sub-procedure in a heuristic or meta-heuristic algorithm. In this work, the DC operation model in [13] is replaced by the proposed AEM, where it is called \Altered Scatter Search Algorithm" (ASSA). In the next section, the improvement caused by this modi cation is studied as a measure for the proposed AEM performance.
Case studies and analysis of results
In this section, to study the impacts of the proposed AEM, the computational e ort of ASSA is determined.
The proposed algorithm is applied to Garver, 24-bus IEEE, 46-bus Brazilian systems, and also the 54-bus Iran Southeast Network. The simulation studies are based on a DC-TEP considering generation rescheduling. It is remarkable that applying the proposed AEM merely reduces the computational e ort without any e ect on the nal optimal solution.
Garver's system
This system includes six transmission lines and six buses with 760 MW demand for the base topology which is shown in Figure 2 . The solid lines represent the existing circuits in the base case topology and the dotted lines represent the candidate possible right of ways.
The number of candidate lines is 15 circuits. The system data can be found in [16] . The optimal solutions, obtained by applying both algorithms to Garver system with generation rescheduling, are presented in Table 1 .
As it was expected, employing the proposed AEM does not lead the algorithm to a di erent optimal solution. In Table 2 , the number of LPs solved to Method Added circuits Total investment cost (M$) [13] n3 5 = 1, n4 6 = 3 110 ASSA n 3 5 = 1, n 4 6 = 3 110 Table 2 . Number of solved LPs in both algorithms for Garver system.
Method Number of LPs [13] 209-300 ASSA 50-64 obtain the optimal solution is shown. It can be noticed that the presented ASSA shows a better performance than [13] , because it executes fewer LPs to nd the optimal solution for the tested system.
IEEE 24-bus system
IEEE 24-bus system consists of 24 buses and 41 right of ways for the addition of new circuits with 8550 MW demand for the base topology, which is shown in Figuer 3 . The data is available in [17] . By applying both algorithms to this system considering generation rescheduling, the obtained results are presented in Table 3 .
The numbers of solved LPs to obtain the optimal solution for both algorithms are compared in Table 4 . As it can be noticed, the ASSA shows a better Method Number of LPs [13] 310-610 ASSA 119-165 performance, because it executes fewer LPs to nd the optimal solution for the tested system.
Southern Brazilian system of 46 buses
Southern Brazilian System has 46 buses, 79 right of ways for the addition of new circuits, and 6880 MW of demand. The system data is available in [18] . The base topology of this system is shown in Figure 4 . There is no limit for circuit additions in each right of way. The proposed algorithm o ered the results shown in Table 5 .
In Table 6 , the number of solved LPs to obtain the optimal solution is shown. The ASSA shows a better performance than [13] , because it executes fewer LPs to nd the optimal solution for the tested system. Figure 5 .
By applying both algorithms to southeast network of Iran, the results shown in Table 7 have been obtained.
In Table 8 , the number of solved LPs to obtain the optimal solution time for both algorithms is shown. The ASSA shows a better performance than [13] , because it executes fewer LPs to nd the optimal solution for the tested system. 
Method
Added circuits Total investment cost (M$) [13] n 7;21 = 1, n 7;28 = 1, n 4;14 = 1, n 7;8 = 1, n 10;20 = 1, n 29;35 = 1, n35;39 = 1, n24;51 = 2, n33;50 = 2, n27;28 = 1, n 42;43 = 1, n 27;51 = 1.
64.27
ASSA n 7;21 = 1, n 7;28 = 1, n 4;14 = 1, n 7;8 = 1, n 10;20 = 1, n 29;35 = 1, n35;39 = 1, n24;51 = 2, n33;50 = 2, n27;28 = 1, n 42;43 = 1, n 27;51 = 1:
64.27 Table 8 . Number of solved LPs in both methods for SNI.
Method Number of LPs [13] 753-2052 ASSA 253-694
Concluding remarks
This paper presents an e cient Adequacy Evaluation Method (AEM) for DC TEP considering generation rescheduling. This AEM evaluates adequacy of a power system based on graph theory, DC power ow calculations, and the superposition principle. The proposed evaluation method has been integrated in a meta-heuristic procedure [13] and applied to test systems including Garver, IEEE 24-bus, the southern Brazilian system of 46 buses, and also 54-bus Southeast Network of Iran. The obtained results for these test systems show that integration of the proposed AEM can lead to a signi cant computational performance in comparison with the case that DC operation model is employed to evaluate adequacy of solutions. Also, because of the equivalency of the proposed AEM with the DC operation model, integration of this AEM does not lead the meta-heuristic algorithm to a di erent solution.
Modi cation of the proposed AEM for more complete models of TEP problems can be suggested for future works. The proposed AEM is based on a static model of TEP which considers the one-time horizon for transmission planning, so it is valuable to expand the AEM to a multi-period planning model. Considering uncertainties in the planning and development of this AEM for AC model of TEP is also suggested to improve this work. The procedure of calculating k g;ij factors is proposed as follows:
Step 1: Consider n gen linear-independent generation patterns. Present the considered linear independent generation patterns by the following matrix:
P ngen n gen = Step 2: Perform a DCPF calculation for any of these generation patterns;
Step 3: build up the following matrix equation:
where the matrices F and K are de ned as: Step 4: Obtain matrix K as follows:
In order to simplify calculations, generation patterns can be considered as follows: where I refers to identity matrix. Therefore: 
